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Abstract 
Layered transition-metal chalcogenides (Zr,Hf)GeTe4 were screened out from database of 
Atomwork as a candidate for pressure-induced superconductivity due to their narrow band gap and 
high density of state near the Fermi level. The (Zr,Hf)GeTe4 samples were synthesized in single 
crystal and then the compositional ratio, crystal structures, and valence states were investigated via 
energy dispersive spectrometry, single crystal X-ray diffraction, and X-ray photoelectron 
spectroscopy, respectively. The pressure-induced superconductivity in both crystals were first time 
reported by using a diamond anvil cell with a boron-doped diamond electrode and an undoped 
diamond insulating layer. The maximum superconducting transition temperatures of ZrGeTe4 and 
HfGeTe4 were 6.5 K under 57 GPa and 6.6 K under 60 GPa, respectively. 
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1. Introduction 
After the discovery of superconductivity in elemental Hg with transition temperature (Tc) of 
4.2 K by Heike Kamerling Onnes in 1911, explorations for room temperature superconductors have 
been continued by a lot of researchers around the world. There were some important breakthroughs 
in the history of explorations for superconductors, for example, the cuprate superconductors [1], 
Fe-based superconductors [2], and hydrogen-rich superconductors [3]. Among them the cuprate 
superconductor of (La,Ba)2CuO4 and the Fe-based superconductor of La(O,F)FeAs were discovered 
by serendipity through the study of the dielectric materials and the transparent semiconducting 
materials, respectively. After the experimental discoveries of these materials, a lot of theoretical 
studies were developed to explain their mechanisms of the high-Tc superconductivity. 
On the other hand, some theoretical studies using the first-principles calculations had 
predicted the high-Tc superconductivity in hydrogen-rich compounds in advance [4], thereafter, the 
record Tc at 203 K was reported experimentally in H3S [3,5,6]. The theoretically calculated Tc in H3S 
well coincided with the experimentally reported value [7]. Moreover, two group of high-pressure 
physics reported extremely high-Tc above 250 K in LaHx [8,9]. The superconductivity in LaHx was 
also predicted by the theoretical studies before these experiments [10].  
Furthermore, the idea of using informatics techniques in conjunction with the data-driven 
approach based on high-throughput computation for functional materials design, namely materials 
informatics, recently has been carried out in practice and also has produced remarkable outcomes 
[11-16]. However, the exploration for the inorganic material, especially superconductors via the 
data-driven approach is still minority. Our group recently performed the data-driven approach to 
explore new pressure-induced superconductors using a database and the density functional theory 
(DFT) calculations [17-19]. The candidate compounds were screened out by focusing a “flat band” 
near a Fermi level such as multivalley [20], pudding mold [21], and topological-type [22] structures. 
If the flat band approaches to the Fermi level, a high density of state (DOS) would be advantageous 
for superconductivity. For example, an existence of singularity of DOS, known as a van Hove 
singularity (vHs) was predicted near the Fermi level in compressed high-Tc H3S [7], A15 type 
compounds [23], and high-Tc cuprates [24]. Indeed, new pressure-induced superconductivity was 
discovered in real compounds of SnBi2Se4 [17], PbBi2Te4 [18], and AgIn5Se8 [19] through the 
high-throughput screening. 
Among the candidate compounds from the screening, (Zr,Hf)GeTe4 are significantly focused 
from a viewpoint of their unique crystal structure. The compounds were first synthesized in single 
crystal of hair-like fibers in previous report [25]. If (Zr,Hf) and Ge are considered as a cation atom, 
(Zr,Hf)GeTe4 can be written by MTe2 (M = Hf, Zr), as transition metal dichalcogenides (TMDs). One 
of the practical issues of TMDs is their atomically flat passivated surface that induces a poor 
adhesion between an electrodes and other surrounding materials due to the weak interaction. On the 
other hand, since (Zr,Hf)GeTe4 has a zigzag surface which brings a larger surface area than that of 
flat one, an improvement of the week interaction could be expected [26]. 
In this paper, we first report a pressure-induced superconductivity in (Zr,Hf)GeTe4 explored 
by the data-driven approach. The ZrGeTe4 and HfGeTe4 were synthesized in single crystals with 
hair-like fiber shape. The crystal structure, compositional ratio, and valence state of the sample 
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crystals were analyzed by the X-ray diffraction (XRD), energy dispersive X-ray spectrometry 
(EDX), and X-ray photoelectron spectroscopy (XPS), respectively. The electrical resistance of the 
samples was evaluated under high pressure using a diamond anvil cell (DAC) with a boron-doped 
diamond electrode and an undoped diamond insulating layer [27-30].  
 
2. Electronic band structures of (Zr,Hf)GeTe4 
The electronic band structures of the selected materials (Zr,Hf)GeTe4 were calculated under 
ambient pressure and 10 GPa. The details of our screening scheme in the high-throughput 
first-principles calculations were given in our previous paper [17]. Figure 1 (a) shows the band 
structures and the total density of states (DOS) of ZrGeTe4 at ambient pressure and (b) under high 
pressure of 10 GPa, which were obtained by first-principles calculations within the generalized 
gradient approximation. The band structure of ZrGeTe4 at ambient pressure exhibits a narrow gap of 
0.40 eV and large DOS near the Fermi level. The band gap is rapidly closed by applying pressure up 
to 10 GPa, and then ZrGeTe4 exhibits a metallic feature. The band structure and DOS of HfGeTe4 at 
ambient pressure and under high pressure of 10 GPa are displayed in Fig. 1 (c,d). Although GeHfTe4 
shows similar electronic states with those of ZrGeTe4, its band gap is slightly wider. It is also noted 
that the conduction band edges of (Zr,Hf)GeTe4 are contributed primarily by the (4d, 5d) orbitals of 
(Zr,Hf) and the 5p orbital of Te-Te dimer in (Zr,Hf)GeTe4. The slightly wider band gap of HfGeTe4 
might be because Hf 5d orbital is slightly shallower than the Zr 4d orbital. Since the experimental 
study reported the wider band gap in HfGeTe4 as compared with ZrGeTe4, our calculation results are 
reasonable.  
 
Figure 1. Electronic band structures and total density of states (DOS) of (Zr,Hf)GeTe4 under 
ambient pressure and 10 GPa, obtained by the first-principles calculations within the 
generalized gradient approximation. 
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3. Experimental procedures 
3.1 Sample synthesis 
Single crystals of (Zr,Hf)GeTe4 were prepared by referring the previous report [25]. Starting 
materials of Zr or Hf grains (99.98%), Ge powders (99.99%), and Te chips (99.999%) were put into 
an evacuated quartz tube in stoichiometric compositions of (Zr,Hf)GeTe4. The ampoules were heated 
at 650ºC for 20 hours, then subsequently at 900ºC for 50 hours, slowly cooled to 500ºC for 50 hours 
followed by furnace cooling. 
 
3.2 Characterization 
The crystal structures of the grown samples were determined by a single crystal XRD by use 
of the XtaLAB mini (Rigaku) with Mo-K radiation ( = 0.71072 Å) and the program SHELXT on 
the WinGX software and refined using the program ShelXle [31-33]. The software VESTA [34] was 
used for a depiction of the solved crystal structures. The chemical composition was analyzed by the 
EDX, using the JSM-6010LA (JEOL). The valence states were estimated by a peak separation for 
the core level XPS spectra using the AXIS-ULTRA DLD (Shimadzu/Kratos) with monochromatic Al 
Kα X-ray radiation (hν = 1486.6 eV). The surface of samples was milled in the main chamber with 
high vacuuming pressure of the order of 10-9 Torr using an Ar gas cluster ion beam (GCIB) with 20 
keV beam energy before acquiring the XPS spectra. The mean size of one cluster was approximately 
1000 atoms, the scanning area of the GCIB was about 2 mm2, and the beam current was about 20 nA. 
The GCIB radiation provides a slow etching for the sample surface without a change of the intrinsic 
chemical state [35]. The acquired spectra were analyzed through a background subtraction by active 
Shirley algorism and a pseudo-Voigt function peak fitting on the COMPRO software [36]. 
 
3.3 Configuration of high-pressure cell 
In the electrical resistance measurements of (Zr,Hf)GeTe4 under high pressure, we used 
originally designed DAC equipping the boron-doped diamond (BDD) electrodes and the undoped 
diamond (UDD) insulating layer [37]. Figure 2 (a) shows a schematic image of the DAC 
configuration for the measurements of ZrGeTe4. The cleaved sample was placed at the BDD 
electrodes on the center of a nano-polycrystalline diamond anvil [38]. The electrodes and a metal 
gasket were separated by UDD insulation. In the measurements for HfGeTe4, culet-type anvil with 
BDD electrodes and UDD insulating layer was used. The details of the cell configuration were 
described elsewhere [37]. Figure 2 (b) shows a microscope image for ZrGeTe4 on the high-pressure 
cell. The mixture powder of cubic boron nitride and ruby manometer were used as a 
pressure-transmitting medium. The applied pressure was detected by a pressure-driven peak shift of 
ruby fluorescence [39] and a Raman mode of the diamond anvil [40] using the inVia Raman 
Microscope (RENISHAW). The electrical resistance was measured by a four-terminal method using 
a physical property measurement system (Quantum Design: PPMS). 
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Figure 2. (a) Schematic image for originally designed diamond anvil cell (DAC) with 
boron-doped diamond (BDD) electrodes and undoped diamond (UDD) insulating layer. (b) 
Sample space of bottom diamond anvil with ZrGeTe4 single crystal. 
 
 
4. Results and discussion 
4.1 Composition and structural analysis 
 Figure 3 shows the SEM images of the obtained (a) ZrGeTe4 and (b) HfGeTe4 crystals. As 
reported in the previous study [25], the crystals formed as hair-like fibers. The chemical composition 
of the obtained ZrGeTe4 single crystal is Zr : Ge : Te = 0.99 : 0.99 : 4 from the EDX analysis, which 
is consistent with the nominal composition of ZrGeTe4. On the other hand, the estimated 
compositional ratio of HfGeTe4 is Hf : Ge : Te = 0.89 : 0.99 : 4, which suggests a Hf deficiency.  
The single crystal structural analysis of (Zr,Hf)GeTe4 were successfully performed. The 
refinement for ZrGeTe4 was converged to the R1 values of 4.04% for all data. The compound was 
supposed to be indexed by orthorhombic unit cell (space group: Cmc21) with lattice constants of a = 
3.986(6) Å, b = 15.95(3) Å and c = 11.021(17) Å. The variation of the occupancy of a specific site 
made no significant reduction of R1 values, suggesting no deficiencies at each site in obtained 
ZrGeTe4. The crystal structure of HfGeTe4 was also assigned as an orthorhombic lattice (space 
group: Cmc21) with lattice constants of a = 3.9892(17) Å, b = 15.972(7) Å and c = 10.982(4) Å. On 
the other hand, the R1 value in the refinement of HfGeTe4 was significantly reduced from 6.53% to 
5.76% as the occupancy of a Hf site was varied, indicating that the obtained HfGeTe4 have 
deficiency at the Hf site, corresponding to the previous report for the synthesis [41]. The 
compositional ratio was Hf0.83GeTe4 from the refinement, which is well agreement with the EDX 
results. Although the band gap of HfGeTe4 is slightly higher than that of ZrGeTe4 from calculations, 
the carrier concentration of HfGeTe4 would be higher than that of ZrGeTe4 due to the Hf deficiency. 
It can be interested that the differences between ZrGeTe4 and HfGeTe4 onto the electrical transport 
properties reflecting their deficiency features. 
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Figure 3 (c) displayed the schematic images of the crystal structures of ZrGeTe4 and (d) 
HfGeTe4 based on the single crystal structural analysis. The inserted optical images are picked up 
samples on the glass capillary for the single crystal XRD measurement. The isostructural compounds 
(Zr,Hf)GeTe4 demonstrate the nature of the van der Waals gap separated layers [25]. The anisotropic 
structure is constructed by one dimensional chain-like structures with trigonal prisms. According to a 
precise Raman spectroscopy investigation, ZrGeTe4 exhibits highly in-plane anisotropic 
two-dimensional feature, suggesting its potential application in nano-electronic devices [42].  
 
Figure 3. (a) SEM images of ZrGeTe4 and (b) HfGeTe4. (c) Schematic images of the crystal 
structures of ZrGeTe4 and (d) HfGeTe4 based on the single crystal structural analysis. The 
inserted optical images are picked up samples on the glass capillary for the single crystal XRD 
measurement. 
 
 
4.2 Valence state 
The valence states of Zr in ZrGeTe4 and Hf in HfGeTe4 were investigated by XPS. Figure 4 
(a) shows Zr 3d core-level spectrum of ZrGeTe4. The spectrum was deconvoluted into four peaks as 
labeled in the fig. 4 (a). The main components of peak 1 at 185.0 eV and peak 2 at 182.6 eV are 
corresponding to a Zr4+ valence state with a spin–orbit splitting of 2.4 eV [43]. The minor 
components of peak 3 at 182.9 eV and peak 4 at 180.5 eV are originated from a Zr2+ state because a 
energy shift of 2.1 eV between Zr 4+ and Zr 2+ was accordingly reported by previous study [43]. 
Figure 4 (b) shows Hf 4f core-level spectrum of HfGeTe4. The Hf 4f orbital also exhibited the two 
kinds of valence states. The peak 1 at 19.2 eV and the peak 2 at 17.6 eV are corresponding to a Hf4+ 
valence state with a spin–orbit splitting of 1.6 eV, and the peak 3 at 17.5 eV and the peak 4 at 16.0 
eV are from Hf2+ state [44]. These features of the valence fluctuation of Zr and Hf are consistent 
with predicted electronic structures from molecular orbital calculations in previous study [25]. 
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Figure 4. (a) Zr 3d core-level spectrum of ZrGeTe4 and (b) Hf 4f core-level spectrum of 
HfGeTe4. 
 
 
4.3 Electrical resistance measurement of (Zr,Hf)GeTe4 under high pressure 
Figure 5 (a) shows temperature dependence of resistance in ZrGeTe4 under various 
pressures from 8.1 GPa to 30.3 GPa. The dR/dT of ZrGeTe4 under 8.1 GPa was negative from 300 K 
to 200 K, indicating a semiconducting characteristic. The slope of the resistance curve tended to 
metallic below 200 K, and returned to semiconducting below 50 K. This complex behavior of the 
resistance curve is consistent with that of the ambient property reported by previous study [25]. The 
absolute value of resistance at 300 K was drastically decreased with an increase of the pressure, and 
then the decrease was saturated at 17.4 GPa. The semiconducting behavior at around 300-200 K and 
below 50 K was changed to metallic feature with increase of the applying pressure. Instead of the 
suppression of the semiconducting features and the saturation of the resistance decreasing, a sudden 
drop of the resistance appeared at low temperature at 17.4 GPa. Figure 5 (b) shows the enlargement 
plots of the resistance curve below 10 K. The resistance started to decrease from around 2 K, 
indicating an onset temperature (Tc
onset) of a pressure-induced superconductivity in ZrGeTe4. The 
superconducting transition was observed more clearly under 23.7 GPa with a zero resistance at 
around 2 K. Moreover, a multi-step transition was observed from 23. 7 GPa with drastic enhance of 
Tc
onset, suggesting an emergence of a second superconducting phase. The transition temperature at 
zero resistance (Tc
zero) was increased up to 2.4 K under 30.3 GPa. 
Such an anomaly under the pressure below 17.4 GPa at normal state of the temperature 
dependence of resistance was found in various 2D layered materials, ZrTe3 [45], HfTe3 [46], 
1T-TiSe2 [47], and so on [48], as a sign of charge density wave (CDW). Especially the high-pressure 
study on 1T-TiSe2 revealed that the anomaly suppressed by increase of the applied pressure, and then 
the superconductivity was driven [47]. A coexistence of superconductivity and CDW was also 
reported in HfTe3 [46]. The detailed analysis of the possible existence of CDW in this compound and 
of its relationship with the pressure-induced superconductivity will be leaved in our future work. 
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Figure 5. (a) Temperature dependence of resistance in ZrGeTe4 under various pressures from 
8.1 GPa to 30.3 GPa. (b) Enlargement plots below 10 K. The inset shows more enlarged plots to 
see the onset of superconducting transition. 
 
 
Figure 6 (a) shows temperature dependence of resistance in ZrGeTe4 under the pressures 
from 23.7 GPa to 80 GPa. The absolute value of the resistance at 300 K continued to decrease by 
increasing the pressure up to 80 GPa. The behavior of the resistance curve much tended to metallic 
under higher-pressure region. A resistance temperature exponent n was obtained through a fitting 
procedure from 7 K to 50 K under 57 GPa, that is derived from the standard resistance fit, R(T) = R0 
+ ATn, where R0 is the residual resistance, A is a characteristic constant and T is the temperature. The 
inset of Fig. 6 (a) shows the temperature dependence of resistance under 57 GPa below 50 K with 
the fitting curve. The resistance exponent n, residual resistance R0 and characteristic constant A are 
found to be 1.96, 3.43 Ω and 2.22×10-5 Ω/K2, respectively. The resistance exponent n ~ 2 is 
suggestive of a pure electronic correlation-dominated scattering mechanism [49]. Figure 6 (b) shows 
the enlargement plots for temperature dependence of resistance in ZrGeTe4 under the pressure below 
8 K. Although the signal of Tc
onset was tiny, it was maximumly enhanced up to ~6.5 K at 57 GPa. 
Further application of pressure gave slight decrease of the Tc
onset. The appearance of higher Tc phase 
in small drop of resistance in ZrGeTe4 was further corroborated by the resistance curve in applied 
magnetic fields. As seen from Fig. 6 (c), the temperature of the small drop of resistance gradually 
shifted toward lower temperatures with increasing magnetic fields. This fact suggests that the small 
drop of resistance is originated from the superconductivity, namely a coexistence of two kinds of 
superconducting phase in the compressed ZrGeTe4. After an increase of the pressure above 80 GPa, 
the bottom diamond anvil itself including the electrodes was cracked, and then we decreased the 
pressure. 
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Figure 6. (a) Temperature dependence of resistance in ZrGeTe4 under the pressures from 23.7 
GPa to 80 GPa. The inset shows enlargement below 50 K at 57 GPa with a fitting curve of R(T) 
= R0 + ATn. (b) Enlargement plots for temperature dependence of resistance in ZrGeTe4 under 
pressure below 8 K. The inset shows more enlarged plots to see the onset of superconducting 
transition. (c) Temperature dependence of resistance in ZrGeTe4 at 57 GPa under various 
magnetic fields up to 6 T. The inset shows the enlargement around the small drop of resistance. 
 
 
Figure 7 (a) shows temperature dependence of resistance in HfGeTe4 under various 
pressures from 3.2 GPa to 15.5 GPa. As same as the ZrGeTe4 case, HfGeTe4 exhibited 
semiconducting behavior with an anomaly at around 200 K. The absolute value of the resistance at 
300 K was continued to decrease against an increase of the pressure up to 13.9 GPa with a 
suppression of the anomaly. A sudden drop of the resistance from 3 K corresponding to the Tc
onset of 
a pressure-induced superconductivity in HfGeTe4 was observed at 8.1 GPa. A slight increase of the 
resistance just before the superconducting transition, as shown in the enlarged plots of Fig. 7 (b), 
could be suppressed by applying magnetic fields, indicating a sign of precursory phenomenon of 
superconductivity. The Tc
onset was enhanced by an increasing pressure, and clear zero-resistance was 
observed at Tc
zero = 2 K under 13.9 GPa. Although the decrease of the resistance at 300 K was almost 
saturated at 15.5 GPa, the Tc enhancements were continued.  
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Figure 7. (a) Temperature dependence of resistance in HfGeTe4 under various pressures from 
3.2 GPa to 15.5 GPa. (b) Enlarged plots below 10 K.  
 
 
Figure 8 (a) shows temperature dependence of resistance in HfGeTe4 under various pressure 
from 15.5 GPa to 101 GPa. A slope of the resistance dR/dT completely became positive at 86 GPa. 
The inset of Fig. 8 (a) shows the temperature dependence of resistance under 86 GPa below 50 K 
with the fitting curve of R(T) = R0 + AT
n with the resistance exponent n of 2.75, residual resistance 
R0 of 1.3 and characteristic constant A of 4.54×10
-8 Ω/K2. The n>2 feature indicates a deviation from 
a pure electronic correlation-dominated scattering mechanism, namely a contribution from an 
interband electron-phonon scattering, as observed in Nb(S,Se)2 (n=3) [50] ZrSiS (n = 3) [49], LaSb 
(n = 4) [51] and so on [52]. Figure 8 (b) shows the enlarged plots for temperature dependence of 
resistance below 8 K in HfGeTe4 under the pressures. The slight increase of the resistance just before 
the superconducting transition could be still observed under 32 GPa. On the other hand, the higher 
Tc
onset suddenly appeared at around 6.6 K instead of a suppression of the anomaly. The signal of the 
resistance drop from higher Tc
onset was more emphasized by increase of the pressure to 60.2 GPa. 
After the Tc
onset became maximum at 6.8 K under 60.2 GPa, it decreased under further compression 
up to 101 GPa. Figure 8 (c) shows a temperature dependence of resistance in HfGeTe4 at 60.2 GPa 
under various magnetic fields up to 6 T. The inset shows the enlargement around the 
superconducting transition. Both the higher and lower Tc value were shifted to lower temperature 
side against the applied magnetic field. This feature suggests that HfGeTe4 exhibits the two kinds of 
the pressure-induced superconductivity with different Tc value as same as ZrGeTe4 case. It is worthy 
to note that the BDD electrodes used for the measurements were not broken after the 
pressure-reduction from 101 GPa to ambient pressure. 
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Figure 8. (a) Temperature dependence of resistance in HfGeTe4 under the pressures from 15.5 
GPa to 101 GPa. The inset shows enlargement below 50 K at 86 GPa with a fitting curve of 
R(T) = R0 + ATn. (b) Enlarged plots for temperature dependence of resistance in HfGeTe4 
under pressure below 8 K. (c) Temperature dependence of resistance in HfGeTe4 at 60.2 GPa 
under various magnetic fields up to 6 T. The inset shows the enlargement around the 
superconducting transition. 
 
 
Figure 9 shows the pressure-phase diagram for (a) ZrGeTe4 and (b) HfGeTe4. Both samples 
exhibited the pressure-induced insulator to metal transition and superconductivity. Although the 
observed multi-step superconducting transitions in both isostructural materials ZrGeTe4 and 
HfGeTe4 are expected to be originated from a pressure-driven structural phase transitions, further 
investigations are required, for example, in-situ XRD analysis. The critical pressure for inducing 
superconductivity Pc was lower and the Tc was higher in HfGeTe4 than those in ZrGeTe4, possibly 
reflecting carrier doping from the Hf deficiency.  
 
Figure 9. Pressure-phase diagram for (a) ZrGeTe4 and (b) HfGeTe4. 
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5. Conclusion 
The Layered transition-metal chalcogenides (Zr,Hf)GeTe4 were focused as candidate for 
pressure-induced superconductors via the data-driven approach using the database. The XRD and 
EDX analysis for the synthesized whisker-like single crystals revealed that only HfGeTe4 shows Hf 
deficiency. The valence fluctuation in Zr and Hf in the crystals were suggested by the XPS analysis, 
which feature is consistent with the first report of the synthesis. The pressure-induced 
superconductivity in both materials were first time observed experimentally by using our originally 
designed DAC with the BDD electrodes and the UDD insulating layer. Since the investigated 
materials (Zr,Hf)GeTe4 were recently focused as a superior layered compounds, it can be interested 
in an further investigation for a mechanism of the superconductivity as other TMDs. 
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